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Abstract. Current and relevant information regarding heat and moisture production (HMP) of laying hens 
is important for design and operation of ventilation systems for commercial layer housing.  Different 
stocking densities are being adopted by the cage layer industry, but there is a lack of information 
concerning the potential impacts of these changes on environmental control.  A study was conducted with 
24 groups of 48 hens (39 to 46 weeks old) to compare HMP, via indirect calorimetry, for four different 
stocking densities (348, 387, 465, or 581 cm2/bird; 54, 60, 72, or 90 in2/bird) and two group sizes (8 or 16 
birds/cage).  Data were collected at thermoneutral (24oC or 76oF) and heat challenging conditions (32oC or 
90oF and 35oC or 95oF).  No notable differences in HMP were observed among the treatments under the 
experimental conditions (2.8 to 3.1, 3.5 to 3.7, and 6.4 to 6.6 W/kg 24-h time weighted mean room-level 
SHP, LHP or MP, and THP, respectively, under 24oC; 0.7 to 1.0, 4.9 to 5.2, and 5.6 to 6.1 W/kg under 
32oC; and -1.0 to -0.4, 5.9 to 6.5, and 5.4 to 5.7 W/kg under 35oC).  The results imply that for existing 
laying-hen houses, reducing stocking density and thus flock size may lead to difficulties maintaining desired 
temperatures without compromising air quality during cold weather, but may offer benefits for heat stress 
prevention and relief during hot weather. 
Keywords. Cage-layer, Sensible heat production (SHP), Latent heat production (LHP), Moisture production 
(MP), Total heat production (THP), Ventilation, Design, Welfare 
Introduction 
Proper ventilation is a critical aspect of controlling the environments within modern laying hen houses.  
Sizing of housing equipment to provide adequate ventilation and environmental control is partially based on 
heat and moisture production (HMP) data (ASHRAE, 2005); therefore it is important to have current and 
relevant information available.  Most recent HMP data have shown differences for modern birds as 
compared to previous data.  HMP of the modern laying bird is greater than that of bird strains 20 years ago 
(Chepete et al., 2004).  In addition to effect of genetic strain, it is also likely that HMP is different for birds 
in different proximity to one another (as with varying stocking density), and it is possible that different 
group sizes (and thus varying locomotion) or microenvironment also affect HMP.   
A growing sector of the US cage layer industry has adopted reduced stocking densities, though there is a 
lack of information to predict the impact this change will have on operation of existing barns.  It is 
reasonable to hypothesize that birds in closer proximity to one another may have different thermoregulatory 
needs and thus lower HMP than those farther apart.  For example, two chickens closer to each other may 
need to produce less heat to maintain the same microenvironment, a 'sharing' effect, and vice versa for those 
farther apart.  However, no evidence to support or refute this hypothesis was found in the literature.   
Animal HMP may be assessed using direct or indirect calorimetry methods.  Direct calorimetry directly 
measures heat lost by radiation, conduction, convection (i.e., the sensible mode), and evaporation (i.e., the 
latent mode).  Direct calorimetry is tedious, more costly, and more complicated to operate as compared to 
indirect calorimetry.  Indirect calorimetry takes advantage of the known metabolic relationship between heat 
production and exchange of respiratory gases (oxygen consumed and carbon dioxide produced).  Compared 
with direct calorimetry, indirect calorimetry is more expensive to build, but less expensive to operate and 
more flexible to use.  
The objective of this study was to quantify and compare HMP of W-36 laying hens over a range of 
stocking densities and group sizes under thermoneutral and heat challenging conditions via indirect 
calorimetry. 
Materials and Methods 
Indirect Animal Calorimetry Laboratory  
This study was conducted at the Iowa State University Livestock Environment and Physiology 
Laboratory (ISU LEAP) that consists of four environmentally controlled indirect calorimeter chambers, 
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each measuring 1.52m x 1.83m x 2.40m (WxLxH).  The calorimeter chambers had been used in several 
previous HMP studies with swine and poultry (Xin and Harmon, 1996; Tanaka and Xin, 1997; Xin et al., 
1998; Han and Xin, 2000; Xin et al., 2001; Chepete et al., 2004).  The calorimetry system consisted of an 
open-circuit, positive pressure arrangement (Figure 1), modified slightly from the arrangement described by 
Xin et al. (1998). Specifically, the infrared (IR) CO2 analyzer in the original system was replaced with two 
IR sensors (Model GMT222, 0-5000 ppm, Vaisala, Inc., Woburn, MA) connected in series. Operation and 
care of the system followed the protocol as outlined in Chepete (2002).  The O2 analyzer and CO2 sensors 
were checked daily, and calibrated as necessary. Calibration gases applied were zero (pure N2), 20.495% 
and 20.900% O2 balanced in N2, and 1500 ppm and 2500 ppm CO2 balanced in N2.  Recovery tests were 
performed between trials to verify operation of the calorimetry system.   
The monitoring system was set to collect one air sample every six minutes, for a total of 30 min per 
cycle (four chambers + fresh air).  Air samples were analyzed for O2, CO2, and dew point temperature.  
Following each switch to a new sample (e.g., chamber 1 to chamber 2), the readings were allowed to 
stabilize for 5 min, and an average of the final 1-min readings was recorded.  Air mass flow rates through 
each calorimeter chamber, barometric pressure, and temperature and relative humidity of the incoming air 
and exhaust air were also recorded on the same schedule.  
 
Figure 1. A schematic representation of the indirect calorimeter system used in the present study. 
Experiment Husbandry and Treatment Structure  
Cages were constructed of 2.54 cm (1 in) square wire mesh attached to a frame of 2.54 cm (1 in) square 
steel tubing.  The cages were assembled in a three-tier arrangement, similar to that of a commercial house.  
Each tier housed 16 birds, for a total of 48 hens per chamber per trial.  This number of birds provided 
sufficient changes in oxygen and carbon dioxide concentrations for accurate measurements.  All cages had 
equal feeder openings (one per bird at spacing of 7.62 cm/bird or 3 in/bird) and drinker access (2 nipple 
drinkers on one port per 8 birds).  Each cage had a sloped floor (approximately 8 degrees) and egg 
collection area beneath the feeder (Figure 2a).  Manure trays were located beneath each cage tier, and 
manure was removed every 3 days. 
Treatment combinations were based upon four stocking densities (348, 387, 465, or 581 cm2/bird; 54, 
60, 72, or 90 in2/bird) and two group sizes (8 or 16 birds/cage).  The variation in stocking density was 
achieved by varying only the depth of the cages, while maintaining constant feeder space.  Group size was 
varied by addition of a removable section of wire mesh placed at the center of each tier, thus separating the 
tier into two groups of 8 birds or removing the divider for one group of 16 birds (Figure 2a).  Once assigned 
to a cage, birds remained in the same cage for the duration of the trial (Figure 2b). 
Hens for this study were acquired from a commercial egg production facility in central Iowa.  Prior to 
the study, the hens were housed in cages approximately 51 by 61 cm (20 by 24 in), in groups of 8, 389 
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cm2/bird (60 in2/bird), under thermoneutral conditions.  Feed during the trials was provided by the same 
facility to maintain consistency, and Table 1 lists dietary compositions. 
The hens were randomly selected as needed for each trial from two houses of Hy-Line W-36 birds at 39 
to 46 weeks of age.  Prior to the start of the data collection, the hens were randomly assigned to cages.  
Twenty-four (24) groups of 48 hens were used in this study.  Each group was allowed at least 2 days of 
acclimation under thermoneutral conditions (24oC or 76oF). 
Following the acclimation, data were collected for 3 days at thermoneutrality (24oC or 76oF), 
immediately followed by 3 days at 32oC or 90oF, and finally by additional 3 days at 35oC or 95oF to simulate 
heat challenge conditions.  Temperature was increased gradually over 6 h during each phase change.  All 
hens were allowed ad-lib access to feed and water for the duration of the experiment.  During heat challenge 
conditions, birds were observed and inspected twice daily, and mortalities were collected and documented.   
One cage in each chamber (on the middle tier) was selected as a monitoring cage.  Five random birds in 
this cage were tagged for individual identification.  All birds were individually weighed at the start and end 
of each trial.  Additionally, the five tagged birds were weighed as a group every 3 days (at the end of each 
phase) for the duration of the trial. 
a      b  
 
Figure 2. a) Schematic representation of a variable stocking density and group size cage tier (cage space 
varied by depth and group size varied by divider); b) View of hen cages inside the calorimeter chamber. 
Table 1. Feed nutritional composition  
Dietary Content    
ME (MJ/kg) 12.51 Choline (mg/kg) 1348.24 
Crude protein (%) 17.80 Arginine (%) 1.14 
Crude fat (%) 5.87 Tryptophan (%) 0.18 
Crude fiber (%) 3.29 Threonine (%) 0.68 
Calcium (%) 4.49 Isoleucine (%) 0.78 
Total phosphorus (%) 0.72 Vitamin A (IU/kg) 7817.96 
Available phosphorus (%) 0.51 Vitamin D3 (ICU/kg) 3333.33 
Sodium (%) 0.19 Vitamin E (IU/kg) 8.09 
Lysine (%) 0.90 Linoleic Acid (%) 1.73 
Methionine (%) 0.42 Xanthophyll (mg/kg) 8.87 
Methionine and Cystine 
(%) 
0.76 Chloride (%) 0.31 
 
Statistical Design and Data Analysis  
Treatment combinations (stocking density and group size) were assigned to chambers in a randomized 
incomplete block arrangement (Table 2).  Three replicates of each treatment combination were completed 
during six trials between January and May 2007. 
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Table 2. Statistical design and treatment allocation among the calorimeter chambers for each trial: stocking 
density (SD) in cm2/bird (group size or GS in birds/cage). The English unit equivalents of the SD 
levels of 348, 387, 465, or 581 cm2/bird are 54, 60, 72, or 90 in2/bird  
Trial Chamber 1 Chamber 2 Chamber 3 Chamber 4 
1 348(16) 387(8) 581(16) 465(8) 
2 581(8) 465(16) 348(8) 387(16) 
3 387(8) 581(16) 465(16) 348(8) 
4 465(8) 348(16) 387(16) 581(8) 
5 465(16) 581(8) 387(8) 348(16) 
6 387(16) 348(8) 465(8) 581(16) 
 
Total heat production (THP), latent heat production (LHP) or moisture production (MP), sensible heat 
production (SHP) and respiratory quotient (RQ) were calculated based on the equations of indirect 
calorimetry as described previously by Xin and Harmon (1996), Chepete (2002), and Green (2008).  Note 
that partition of the THP into LHP and SHP modes represented the room level, as opposed to the bird level. 
For the heat-challenge periods, body mass used in calculations was adjusted daily.  Bird body mass was 
linearly interpolated, using values at the start and finish of each phase, and mortality was subtracted.  The 
bioenergetics data were summarized as daily means as well as means by photoperiod for each temperature 
condition.   
The bioenergetics data were analyzed using SAS PROC MIXED for main effects of stocking density, 
group size, chamber, trial, and interaction between stocking density and group size.  Comparisons were 
completed for each temperature condition separately.  Another analysis was completed with all data that 
also included a main effect of phase (i.e., thermoneutrality and heat challenge of 32oC or 35oC).  Effects 
were considered significant at α<0.05. 
Results 
Figure 3 illustrates mean THP, MP, SHP, and RQ for each treatment combination at each temperature 
condition.  Tables 3, 4, and 5 summarize the bioenergetics data by daily means, as well as means separated 
by photoperiod, for each temperature stage, 24oC, 32oC, and 35oC, respectively.  During the 
thermoneutrality phase, groups of 16 hens showed higher MP than groups of 8 hens during the dark period 
(3.30 vs. 3.17 W/kg, SE=0.04, P=0.04).  No other differences were observed for any of the HMP analyses.   
Differences in body mass changes were noted between the temperature phases: begin to post-24, no 
difference; begin to post-32 (P=0.01); begin to end (P<0.0001); but no differences were observed between 
stocking density and group size treatments or interactions. 
Discussion 
Adequate acclimation was achieved as evidenced by the repeatable HMP values during the 3-day 
thermoneutrality.  The THP values from the current study compared well with most recent values for 
modern laying hens, 6.5 W/kg in this study vs. 6.9 W/kg as reported by Chepete et al. (2004).  The diurnal 
pattern can be easily observed from the higher THP during the light period and lower THP during the dark 
period.  Reduction of THP had previously been reported as 20% (Riskowski et al., 1977), 35% (MacLeod 
and Jewitt, 1984), or 25-26% (Xin et al., 1996) from light to dark period.  This study showed approximately 
25% THP reduction from light to dark. 
Reduction of THP as ambient temperature rises had been previously shown (El Boushy and Marle, 
1978; Xin et al., 2001).  Elevated evaporative losses with rise in ambient temperature had also been 
documented (Chwalibog and Eggum, 1989).  The results of this study support this finding.   
Mortalities affect the stocking density.  No difference was observed in the mortality rate among the 
treatments; hence overall stocking density was decreasing at a similar rate (as mortalities were removed) for 
all treatments. 
Previous studies have also shown that THP is related to physical activities (Boshouwers and Nicaise, 
1985).  Higher THP was anticipated for the largest cages at the largest group size because each hen had the 
greatest ability for increased activity (the largest accessible space by each bird).  This increase was not 
observed.  It is possible that the largest space was not sufficient to yield an increase in activity.  Albentosa 
and Cooper (2004) found that even when space is sufficient, certain activities are still not performed in 
cages. 
Because the droppings were exposed and not submerged in oil, the evaporation of moisture from the 
manure was included in the MP determination.  The MP estimates reflect what would be expected of a 
manure-belt hen house system where manure would be removed every 3 days, a typical commercial 
practice.  For the same number of birds, the surface area of the manure can vary since the variation in  
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Figure 3. a) Total heat production (THP); b) Moisture production (MP); c) Sensible heat production (SHP); 
and d) Respiratory quotient (RQ) of W-36 laying hens housed in different stocking densities and group 
sizes. 
Table 3. Mean sensible heat production (SHP), moisture production (MP), and total heat production (THP) 
of W-36 laying hens housed under varying levels of stocking density (SD) and group size (GS) 
under light or dark conditions and daily time-weighted average (TWA) at 24oC (BM=body mass)  
Housing 
Regimen 
BM 
(kg) 
SHP 
(W/kg) 
MP 
(W/kg) 
THP 
(W/kg) 
  n=144  n=3   n=3   n=3  
SD  
(cm2) 
GS  Light Dark TWA Light Dark TWA Light Dark TW
A 
348 8 1.42 3.4 2.2 3.0 3.7 3.2 3.5 7.1 5.4 6.5 
348 16 1.42 3.4 2.2 2.9 3.8 3.3 3.6 7.2 5.5 6.6 
387 8 1.44 3.6 2.4 3.1 3.7 3.3 3.5 7.3 5.6 6.6 
387 16 1.43 3.3 2.0 2.8 3.7 3.3 3.6 7.1 5.3 6.4 
465 8 1.44 3.5 2.2 3.0 3.7 3.3 3.5 7.2 5.4 6.5 
465 16 1.43 3.3 2.1 2.8 3.8 3.2 3.6 7.1 5.4 6.4 
581 8 1.43 3.6 2.2 3.1 3.6 3.1 3.5 7.2 5.3 6.5 
581 16 1.46 3.6 2.0 2.9 3.9 3.3 3.7 7.5 5.4 6.6 
Pooled SE 0.01 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
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Table 4. Mean sensible heat production (SHP), moisture production (MP), and total heat production (THP) 
of W-36 laying hens housed under varying levels of stocking density (SD) and group size (GS) 
under light or dark conditions and daily time-weighted average (TWA) at 32oC (BM=body mass)  
Housing 
Regimen 
BM 
(kg) 
SHP 
(W/kg) 
MP 
(W/kg) 
THP 
(W/kg) 
  n=144  n=3   n=3   n=3  
SD  
(cm2) 
GS  Light Dark TWA Light Dark TWA Light Dark TW
A 
348 8 1.43 1.3 0.2 1.0 5.0 5.0 4.9 6.2 5.2 5.8 
348 16 1.44 1.3 -0.1 0.9 5.3 5.4 5.2 6.5 5.2 6.0 
387 8 1.45 1.4 -0.3 1.0 5.3 5.4 5.3 6.6 5.2 6.1 
387 16 1.47 1.2 0.0 0.9 5.1 5.1 5.1 6.4 5.2 5.8 
465 8 1.37 1.1 -0.2 0.7 5.1 5.2 5.0 6.1 4.9 5.6 
465 16 1.48 1.2 -0.2 0.8 5.2 5.2 5.2 6.4 5.0 5.8 
581 8 1.40 1.5 0.0 1.0 4.9 5.1 4.9 6.4 5.1 5.8 
581 16 1.50 1.3 0.0 1.0 5.3 5.2 5.2 6.7 5.2 6.1 
Pooled SE 0.1 0.2 0.2 0.2 0.1 0.1 0.1 0.1 0.1 0.1 
Table 5. Mean sensible heat production (SHP), moisture production (MP), and total heat production (THP) 
of W-36 laying hens housed under varying levels of stocking density (SD) and group size (GS) 
under light or dark conditions and daily time-weighted average (TWA) at 35oC (BM=body mass) 
Housing 
Regimen 
BM 
(kg) 
SHP 
(W/kg) 
MP 
(W/kg) 
THP 
(W/kg) 
  n=144  n=3   n=3   n=3  
SD 
(cm2) 
GS  Light Dark TWA Light Dark TWA Light Dark TW
A 
348 8 1.34 -0.3 -0.7 -0.5 6.3 5.5 6.0 5.9 4.7 5.5 
348 16 1.31 -0.6 -0.9 -0.7 6.6 5.7 6.3 6.1 4.7 5.6 
387 8 1.35 -0.8 -1.3 -1.0 6.7 6.1 6.5 5.9 4.8 5.5 
387 16 1.40 -0.3 -0.8 -0.5 6.2 5.4 5.9 5.9 4.7 5.4 
465 8 1.35 -0.3 -0.6 -0.5 6.2 5.5 5.9 5.8 4.9 5.5 
465 16 1.36 -0.4 -0.9 -0.6 6.6 5.7 6.2 6.1 4.8 5.6 
581 8 1.32 -0.3 -0.5 -0.4 6.3 5.5 6.0 6.1 5.0 5.7 
581 16 1.38 -0.5 -1.0 -0.7 6.7 6.0 6.4 6.1 4.9 5.7 
Pooled SE 0.1 0.2 0.2 0.2 0.1 0.1 0.1 0.2 0.2 0.2 
 
stocking density was achieved by varying cage depth.  This could yield a difference in evaporation rate 
from the manure and thus differences in MP.  This likely explains the differences in MP between groups of 
16 and 8, since groups of 16 are better able to use the floor space where the divider is located.  The expected 
difference in MP between stocking densities was not observed.  It was noted that birds defecated away from 
the feeder and generally away from the drinker in the deeper cages, thus defecating over an area smaller 
than the entire usable floor area.  This is particularly interesting to consider as potential to design behavior-
specific housing and not worry about defecation throughout the entire house.  Additional research is needed 
to fully characterize the motivation for defecation location in order to take advantage of this behavior. 
The outcome of negative SHP during heat challenge period arose from the calculation of SHP from the 
difference between THP and LHP or MP.  The manure was not submerged in oil (so that the HP values 
would be reflective of commercial production situation).  Supplemental electric heat (not affecting O2 or 
CO2 level in the chamber) was used to achieve the elevated temperatures in the chambers, and part of this 
additional sensible heat was converted to LHP by evaporating feces moisture. The net result was increased 
MP and reduced SHP at the room level.   
The lack of difference in HMP among the varying stocking densities and group sizes has implications 
for the egg industry.  The work done by Chepete and Xin (2004) showed that a 30% reduction in stocking 
density would not necessarily result in reduced ventilation (per bird basis) during colder weather because 
the critical mode for ventilation control is moisture or air quality control as opposed to temperature.  The 
result of reduced number of birds, and thus total sensible heat load, in winter will be somewhat lower barn 
temperature.  Although this lower temperature may not be detrimental to thermal comfort of the bird, it will 
likely increase production costs, as more feed energy will be used toward thermoregulation and thus less on 
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egg production.  Alternatively, if the barn was controlled only for temperature, the result could be build-up 
of excessive moisture which in turn leads to condensation problems or reduced air quality.  Wathes et al. 
(1983) highlighted the problem of ventilation solely for thermal comfort that may result in an environment 
with poor air quality.  It should be noted that commercial laying-hen barns are typically not equipped with 
supplemental heating.   
Conclusion 
The study presented in this paper affirms the need to further understand consequences of adopting new 
housing practices, such as reducing stocking density, on environmental control.  The results indicate a 
reduction in stocking density does not affect HMP on a bird mass basis. For example, a 30% reduction in 
stocking density will reduce total heat production by 30% for birds of similar characteristics.  Therefore, 
reducing the number of birds in a given house reduces the heat load, which may be favorable in hot weather 
but undesirable in cold weather. 
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